A decade ago, it has been found that nanocrystalline (NC) body-centered cubic (bcc) metals have a much lower strain rate sensitivity than their coarse-grained counterparts [1] [2] [3] [4] [5] . This finding is significant and surprising because it is opposite to the findings in NC metals with face-centered cubic (fcc) and hexagonal close-packed (hcp) crystal structures [2, 3, 6] . There have been attempts to explain this unique mechanical behavior of bcc metals based on the slip of screw dislocations via the kinkpair nucleation mechanism observed in coarse-grained bcc metals. Assuming that the deformation mechanism remains the same in NC metals, it follows that a higher flow stress is responsible for the observed lower strain rate sensitivity with decreasing grain size [3] . This is based on the following equation:
where m is the strain rate sensitivity, k B is the Boltzmann constant, T is the absolute temperature, τ is the applied shear stress and v * is the activation volume [2, 3] . With decreasing grain size, τ increases following the HallPetch relationship, while v * levels off with increasing stress, which leads to decreasing strain rate sensitivity.
The above explanation on the effect of grain size on strain rate sensitivity, while logical, leads to some * Corresponding author. yuntian.zhu@gmail.com, ytzhu@ncsu.edu unanswered questions. First, the assumption that screw dislocations control the deformation behavior in NC bcc metals has not been experimentally verified. In addition, screw dislocations control the deformation behavior only in the early stage of deformation [2, 6, 7] , suggesting that the controlling mechanism could change with the evolution of the microstructure. Indeed, it was reported that the strain rate sensitivity leveled off with increasing stress in bcc Fe in the stage IV deformation [8] . Second, it was observed that when the grain sizes become very small, the strain rate sensitivity appears to reach a minimum and then increase slightly when the grain size decreases further. This behavior has not been understood. These questions can only be answered by understanding the effect of grain size on the deformation mechanisms of NC bcc metals.
In this study, we found a significant effect of grain size on the densities of dislocations of various types in NC and ultrafine-grained bcc Mo, suggesting that the grain size affects the deformation mechanisms of bcc Mo. We chose Mo as a model bcc metal because it is not magnetic, which makes it easier to observe the dislocation structures using transmission electron microscopy (TEM). NC bcc Mo samples were produced by highpressure torsion (HPT) [9, 10] for six revolutions. In Figure 1 , (a) the distribution of grain sizes of 500 grains examined under TEM, (b) the statistical variation of the density of edge and mixed ½ 111 dislocations with grain size and (c) the statistical variation of the density of edge and mixed 100 dislocations with grain size are shown. The dislocation density was calculated as the number of dislocations per unit area in high-resolution TEM (HRTEM) micrographs. The best zone axes in differentiating ½ 111 edge and mixed dislocations from 100 edge and mixed dislocations are the 110 zone axes. More detailed TEM image analyses will be published in another publication. The mixed Figure 2 . The effect of grain size on the density of screw dislocations, which was calculated as the total length of screw dislocation segments per unit volume.
dislocations are those whose Burgers vectors have both edge and screw components; that is, they are not pure edge or pure screw dislocations. Figure 1 (b) reveals that the density of the ½ 111 edge and mixed dislocations first increases and then decreases with decreasing grain size. The maximum density reached is 2.5 × 10 16 m −2 at the grain size of ∼75 nm. This is comparable to the dislocation density in heavily deformed fcc and hcp metals [11] [12] [13] . In the bcc crystal structure, ½ 111 are the Burgers vectors of the perfect dislocations, which are along the close-packed directions [14, 15] . They are responsible for the deformation of most bcc metals and alloys. The observation of a high density of ½ 111 edge and mixed dislocations indicates that the edge and mixed dislocations contributed significantly to the deformation of NC Mo and should have affected its mechanical behavior. Surprisingly, Figure 1 (c) shows a high density of 100 edge and mixed dislocations, which is comparable to the density of ½ 111 edge and mixed dislocations. The perfect 100 dislocation is not common in coarse-grained bcc metals and is believed to be formed by the dislocation reaction:
. This reaction is energetically favorable, but the magnitude of the 100 Burgers vector is ∼15% larger than that of the ½ 111 Burgers vector, which makes the 100 dislocations less stable than the ½ 111 dislocations. The 100 dislocations are sessile dislocations. Since they are formed by the reaction of glissile ½ 111 dislocations, they can act to pin and stabilize ½ 111 dislocation networks in the grain interior, which explains why their density is comparable to that of the ½ 111 dislocations. Figure 2 shows the effect of grain size on the density of screw dislocations. It clearly shows that the density of screw dislocations monotonically decreases with decreasing grain size from 500 to 100 nm. Significantly, the screw dislocations almost disappeared in grains smaller than 100 nm. Note that the screw dislocations cannot be identified in HRTEM micrographs. Instead, they are determined using the g · b criterion under two-beam conditions, where g and b are the diffraction vectors and the dislocation Burgers vector, respectively. The density of a screw dislocation is calculated as the total length of the screw dislocation segments per unit volume. More details on the measurement of screw dislocation density are given in the Supplementary Material.
The range of grain sizes in which each type of dislocations was observed is illustrated in Figure 3 . As shown in the figure, screw dislocations were observed in grains larger than 100 nm, edge dislocations were observed in grains smaller than 300 nm and mixed dislocations exist in a broader range of grain sizes.
The density variations of ½ 111 screw dislocations and the density variation of ½ 111 edge and mixed dislocations are summarized in Figure 4 . As shown in the figure, in grains with sizes larger than 300 nm, dislocations are mostly of screw type. Some mixed dislocations are also observed, but ½ 111 edge dislocations or 100 dislocations are difficult to find. The density of ½ 111 screw dislocations decreases monotonically with decreasing grain size and approaches zero when the grain size is below 100 nm. In contrast, the density of ½ 111 mixed and edge dislocations increases with decreasing grain size, reaches the maximum at the grain size of ∼75 nm and then decreases when the grains become smaller. When the grain sizes are less than 30 nm, most grains are found to be dislocation free because of the annihilations of dislocations by grain boundaries.
Typical morphologies of various types of dislocations can be best observed using two-beam conditions to enhance their contrast. In Figure 5(a-c) , the bright-field TEM micrographs taken from the [110] zone axis are shown, and in Figure 5(d-f) , their corresponding micrographs taken under two-beam conditions using special diffraction vectors to image are shown. The two-beam condition images provide clearer images of dislocations. The procedure for the identification of the dislocation types is described in the Supplemental Material.
To understand the effect of grain size on the strain rate sensitivity in bcc metals and alloys, we need to first understand the deformation mechanism that controls the strain rate sensitivity. It is noted that the strain rate sensitivities of coarse-grained bcc metals are about an order of magnitude higher than that of the coarse-grained fcc metals [2, 3, 6, [16] [17] [18] [19] [20] [21] [22] . This is caused by the difference in the dislocation core structures in fcc and bcc metals. A full dislocation may dissociate into partial dislocations to form a low-energy state. In fcc metals, both screw and edge dislocations may dissociate into two partials on a slip plane with a stacking fault between them [23, 24] . These dislocations can easily glide on the slip plane with a relatively low strain rate sensitivity.
In contrast, in coarse-grained bcc metals, the mechanical behavior is controlled by the slip of the screw dislocations, especially in the early stage of deformation [2, 6] . This is because a perfect screw dislocation ½[111] is believed to dissociate onto three different {110} slip planes or three different {112} slip planes [14, 25] . Since the core of the ½[111] screw dislocation is spread onto three different slip planes, this makes it three dimensional (3D) and very hard to slip on any of the slip planes. Consequently, the slip of the screw dislocations in bcc metals is believed to proceed via side movements of edge dislocation kinks [26] [27] [28] [29] , which leads to a higher strain rate sensitivity in bcc metals. On the other hand, molecular are dark-field images using g [1 10 ] to image, while (f) is a bright-field image using g [1 12 ] to image. S 111 , E 111 and E 100 denote the ½ 111 screw, ½ 111 and 100 edge dislocations, respectively. dynamics simulations [30] [31] [32] [33] revealed that the ½ 111 edge dislocations are very easy to glide, making it hard to retain them after deformation, which is why they are rarely observed experimentally in the postmortem observations under TEM. Therefore, the high strain rate sensitivity of the coarse-grained metals is caused by the movement of screw dislocations, which results in a very high strain rate sensitivity.
To understand how the dislocation types and their density affect the strain rate sensitivity, let us first invoke the relationship between strain rate and dislocation density and movement speed [34] :
whereγ is the shear strain rate and b is the magnitude of the Burgers vector of dislocations, which moves at the speed of v. The strain rate sensitivity m is defined as [2]
where τ is the shear stress.
In fcc metals and alloys, edge and screw dislocations glide at about the same speed and ρ is the total dislocation density. However, in bcc metals, edge dislocations move much faster than screw dislocations. For simplicity, we can qualitatively assume that the mixed dislocations behave like edge dislocations since the edge components of their Burgers vectors cannot dissociate into a 3D configuration like a screw dislocation. As will be discussed later, this assumption is reasonable for NC bcc metals. Following the above discussion, the strain rate of a bcc metal can be written aṡ
where ρ s and v s are the density and speed of screw dislocations, respectively, and ρ e and v e are the density and speed of dislocations with edge components (edge and mixed dislocations), respectively. From Equations (3) and (4), we can write
In coarse-grained bcc metals where the deformation is primarily controlled by screw dislocations, ρ s v s ρ e v e , Equation (5) can be approximated as
where m s is the strain rate sensitivity caused by the screw dislocations, which is usually large as reported in coarsegrained bcc metals. As illustrated in Figures 3 and 4 , in NC bcc Mo, the density of screw dislocations ρ s is close to zero. In addition, the screw dislocation moves much slower than the edge dislocations. Therefore, the deformation behavior of NC Mo is controlled by the gliding of edge dislocations. Thus, Equation (5) can be approximated as
where m e is the strain rate sensitivity caused by dislocations with edge components and is much lower than m s . This explains why the NC bcc metals have a much lower strain rate sensitivity than their coarse-grained counterparts. It is interesting to note that the strain rate sensitivities of NC bcc metals are comparable to those of the coarse-grained fcc metals [6] . This is possibly because edge dislocations, which control the deformation behavior of NC bcc metals, move similar to how dislocations move in fcc metals, that is, gliding on slip planes easily. This observation also suggests that mixed dislocations, which have a high density in the NC bcc metals, produce a strain rate sensitivity similar to that produced by edge dislocations. Therefore, the effect of grain size on the strain rate sensitivity in NC bcc metals is primarily caused by the change in deformation mechanisms. Coarsegrained bcc metals have a very high strain rate sensitivity because their deformations are controlled by the kinkpair-assisted movement of screw dislocations. NC bcc metals have a very low strain rate sensitivity because their deformation behavior is controlled by edge and mixed dislocations. The decrease in the strain rate sensitivity with decreasing grain size is caused by the decreasing density of screw dislocations and the increasing density of edge and mixed dislocations.
Our data also demonstrate that the dislocation density decreases with decreasing grain size when the grain sizes are smaller than 75 nm and few dislocations can be found in grains smaller than 30 nm. This suggests that grain boundary-mediated deformation processes such as grain boundary sliding, rotation and diffusion will play a more significant role with decreasing grain size in this range of grain sizes. Since a grain boundary-mediated process has a higher strain rate sensitivity, it may eventually lead to a higher strain rate sensitivity with decreasing grain size. Such a phenomenon is indeed observed in NC bcc metals [2, 5, 6] .
In summary, we have observed a systematic change in the deformation mechanisms of NC bcc metals with grain size. As the grain size decreases, the density of screw dislocations approaches zero, while the density of dislocations with edge components increases, leading to a decrease in the strain rate sensitivity. The deformation behavior is eventually controlled by dislocations with edge components, and this produces the lowest strain rate sensitivity. Further decreasing grain sizes resulted in the decrease in all dislocations, and grain boundary-mediated processes start to play a more significant role, leading to a slight increase in the strain rate sensitivity.
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